Experimental observation of Rabi rotations between an exciton excited state and the crystal ground state in a single non-polar InGaN quantum dot are presented. The exciton excited state energy is determined by photoluminescence excitation spectroscopy using two-photon excitation from a pulsed laser. The population of the exciton excited state is seen to undergo power dependent damped Rabi oscillations. * benjamin.reid@physics.ox.ac.uk
I. INTRODUCTION
Successful implementation of quantum information processing requires the ability to dynamically prepare, control and detect qubits. Coherent manipulation of a qubit can be achieved using a coherent optical field, the field can be used to control the amplitude and phase of the qubit superposition state |ψ = α|0 + β|1 . For a driving optical field E(t) acting on the qubit |ψ in initial state |0 , the post-pulse population of the state |1 will vary as sin 2 (Θ/2), where the pulse area is given by Θ(t) = (1/ ) emitting in the ultraviolet spectral range [7] .
III-Nitride based quantum dots are promising candidates for qubits due to their ability to sustain excitonic emission at high temperatures, evidenced by single photon emission at 200 K from InGaN [8] and at 300 K from GaN quantum dots [9] .
Demonstration of coherent control of quantum dot qubit states in the III-nitride system has been hampered by spectral diffusion caused by intrinsic electric field present in IIInitride quantum dots [10] [11] [12] . The non-centrosymmetric nature of the wurtzite crystal structure causes a polarisation discontinuity at the base of the quantum dot and thus an internal electric field which acts to decrease the oscillator strength of the exciton optical transition. In reporting successful coherent control of a GaN quantum dot, Holmes et.
al. [7] use exceptionally small GaN quantum dots embedded at the tip of a GaN/AlGaN nanowire to reduce the influence of the internal electric field.
Another method shown to be a success in increasing the oscillator strength in InGaN quantum dots is growth on a non-polar plane [13] . Here the electric polarisation caused by the non-centrosymmetric crystal structure lies in the plane of the base of the quantum dot, and the angled side wall facets reduce the polarisation discontinuity at the side walls resulting in a reduced electric field and increased oscillator strength [14] .
In this letter, we use non-polar a-plane (1120) InGaN quantum dots to show experimental evidence of power-dependent Rabi oscillations between an excitonic excited state |1 and the crystal ground state |0 . After resonant excitation into the exciton excited state |1 , the exciton relaxes into the excitonic ground state |s , and the photoluminescence (PL) from this state is used as an indirect measurement of the population of the excited state, enabling observation of Rabi oscillations in the blue spectral region which houses the fastest commercially available single photon detectors [15] .
The quantum dot sample under study in this letter was grown by metal-organic vapor phase epitaxy in a Thomas-Swan 6 × 2 in. close-coupled showerhead reactor on r-plane (1102) Al 2 O 3 substrates with trimethlygallium, trimethylinidum and ammonia as precursor gases. The a-plane GaN pseudo-substrates were prepared by epitaxial layer overgrowth as detailed elsewhere [16] [17] . InGaN QDs were formed using a modified droplet epitaxy approach originally developed for c-plane InGaN quantum dots [18] . An InGaN epilayer was grown at 695
• C and annealed at the same temperature in N 2 atmosphere, before immediate capping with ∼ 10 nm GaN, followed by another ∼ 10 nm GaN growth at a temperature of
A detailed growth methodology can be found elsewhere [13] . The laser is tuned so that the energy of two photons from the laser is in resonance with the |0 → |1 transition and the PL from the quantum dot ground state |s is used as an indirect measurement of the population of the excited state 1 as summarised in the inset of figure 2.
For two-photon excitation, the pulse area Θ is proportional to the excitation power P . Since GaN and InGaN are non-centrosymmetric, a second harmonic of the excitation laser is generated in the crystal and it's intensity (proportional to the square of the excitation power) can be can be used to measured the pulse area Θ in real time in some arbitrary units.
The variation of the PL intensity of the QD ground state |s with increasing pulse area is detailed in figure 3. In figure 3 (a) the micro-photoluminescence spectra from the studied quantum dot are presented with increasing pulse area for the case of resonant two-photon excitation (|0 → |1 ). The QD intensity undergoes a clear oscillation with increasing pulse area while the intensity of the underlying quantum well layer follows the expected quadratic dependence on the pulse area. In contrast, figure 3 (b) shows the case of off-resonant excitation where both the QD and underlying quantum well increase with the square of the excitation power. After a certain excitation power the intensity saturates at a value corresponding to one emitted photon per laser pulse. The slight increase in PL intensity after saturation is consistent with repopulation of the quantum dot from the continuum quantum well states. Using a Lorentzian fit to each of the QD PL spectra to determine the intensity of the QD PL reveals damped Rabi oscillations as shown in figure 3 (c) , where the pulse area is normalised so that the first peak in QD intensity corresponds to a value of π. sources. Excitation in both the exciton excited state and the biexciton state would be a source of dephasing [22] . However, the energy difference of 90 meV between exciton excited state and exciton ground state is much larger than typically measured for InGaN QDs [23] [24] .
Despite the large energetic separation between the PLE resonance used as state |1 and the broad resonance corresponding to the continuum states of the quantum well, incoherent population of the quantum dot from these states could still be a source of dephasing [25] [26], more-so as the excitation power is increased.
Phonon interaction is another source of dephasing which may be pertinent in this case.
Local heating of the sample at high excitation powers can result in both a power-dependent damping of the oscillation and a renormalisation of the oscillation period [27] [28] [29] as observed after 2π in figure 3 (c).
Another contribution to dephasing comes from the problem of spectral diffusion [10] [12]
-a spectral wandering of the exciton energy with time due to locally fluctuating charges changing the internal electric field in the quantum dot and thus affecting the energy levels via the quantum confined stark effect. The magnitude of spectral diffusion has been shown to increase with increasing excitation power [11] which would explain the power dependence of this effect.
Further investigations on the origins of the power-dependent damping measured here could reveal more closely the dominated mechanisms of dephasing in this system. At present, the dephasing time can be bounded by the laser pulse width (1 ps) and twice the lifetime of the excited state exciton.
In summary, we have measured power-dependent Rabi oscillations between the excited state exciton and the crystal ground state in a non-polar InGaN quantum dot. The increased oscillator strength of the exciton transition due to the non-polar nature of the InGaN QD is believed to play an important role in observing such Rabi oscillations. Such a system could be used in both quantum computation and single photon applications. 
